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Highlights: 
 Chemical-structural properties of coal, biomass char were investigated by using Raman. 
 The combustion characteristics of coal, biomass char and plastic were studied. 
 The correlation between structure characteristics and its combustion were obtained.  
 A TRNGM model was used to calculate the combustion process of plastic. 
 
 
Abstract: In this paper, thermal analysis method (TGA) was adopted to describe the combustion behavior of bituminous 
coal(GC), anthracite(LC), biomass(PS) and plastic(PVC).The structure characteristics of these samples were carried out 
using Raman spectroscope followed by peak deconvolution and data analysis. The kinetic parameters and combustion 
reaction mechanism were obtained by fitting experimental data with the random nucleation nuclei growth model (RNGM) 
and volume model (VM) in order to ﬁnd out the kinetics characteristics responsible for the combustion of the samples. The 
results indicate that signiﬁcant difference between combustion process of these samples are mainly attributed to their 
differences structures, the combustion reactivity of PS is better than GC duo to the catalysis of alkali matter in biomass ash. 
RNGM model is better than VM model for simulating the combustion process, and TRNGM model plays a good 
performance in depicting the combustion process of PVC with three reaction stages. 
Keyword: Combustibility; Thermogravimetric analysis; Kinetic models; Carbonaceous structure. 
1 Introduction 
Unreasonable consumption of fossil fuels has made a significant contribution to financial growth and industry 
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development, and it has also caused an ecological and economical imbalance [1]. This depletion brings a lot of problems, 
the most urgent of which is the disposal of waste. At present, there is a large amount of waste resources in China that can 
replace fossil fuels to provide heat for industrial production, Such as waste plastic and biomass. 
In Chinese daily life, plastics are widely used in a number of application areas from machinery manufacturing to food 
packaging, coating, bags and defense[2]. In which, polyvinyl chloride (PVC) is the second popular plastics materials behind 
polyethylene both in daily and industrial usage, and the elimination of waste PVC is a major environmental problem that 
need to be solved urgently in China. With the increase of land costs and reduction of land use area, the traditional methods 
for the disposal of PVC such as incinerations and landfilling are not a practical solution to environment[3]. Instead of using 
traditional methods, recycling waste PVC by using advanced technology to produce chemicals and energy is certainly a 
better way; Being a big agricultural country, China has abundant biomass resources which can be evaluated as fuel instead 
of burning them. In China, a large amount of 1.6 billion tons of agricultural wastes and crop residues are generated each 
year, equivalent to 800 million tons of standard coal. When it comes to producing new clean energy, biomass have an 
important position in the industrial development of thermochemical conversion plants. Generally speaking, biomass have 
a lot of advantages as fuel to provide energy, (1)abundant, (2)clean, (3)renewable,(4)low-cost[4]. In recent years, recent 
reviews show significant efforts undertaken to evaluate biomass, such as paper, plant straw, fruit shells, agricultural residues 
for energy production in China[5-7].  
Thermogravimetric analysis [8,9] is widely applied method for the combustion of coal, plastics and biomass[10,11]. 
From the TGA, combustion characteristic parameters and kinetic parameters can be obtained. Zhou L et al [12] explored 
the co-pyrolytic behaviors of plastic/biomass mixtures by TGA method. The result show that there a significant synergistic 
effect in the co-pyrolytic process of biomass and plastic. Çepelioğullar Ö et al [2] investigated the co-pyrolysis 
characteristics and kinetics of plastic-biomass blends and found there are three steps in the pyrolysis process of PVC. 
Nemanova V et al[13] found that alkali metal elements in biomass ash have a catalytic effect on the combustion reactions 
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of carbonaceous materials. However, these studies most analyzed the behaviors of the thermal reactivity of the samples, 
the structure features of carbonaceous materials have not received widespread attention. It is generally accepted that there 
is a link between combustibility and their structure features. Therefore, it is necessary to do more research on this subject. 
In order to further understand the combustion mechanism of PVC and biomass, kinetics analysis can be used to predict the 
combustion rate as well as reaction process that is propitious to improve combustion efficiency corresponding. However, 
the traditional methods such as Freeman-Carroll methods and Coats-Redfern methods calculated kinetic parameters from 
conversion curve by model fitting analysis suffer from two main defects. First, only part of the TG data is used to calculate 
kinetic parameters, the interpretation of results is uncertain. Second, it generally tends to calculate the kinetic parameters 
through the whole range of TG data, ignoring the phasing of the material combustion process. With the fast development 
of technology of network and computing, a more complex but more precise method involving non-linear least squares 
optimization of multiple heating rates has come into being in recent years. 
In the present study, in order to compare the thermal behaviors of bituminous coal(GC), anthracite(LC), biomass(PS) 
and plastic(PVC), these materials have been investigated by thermogravimetric analysis (TGA). In addition, Raman 
spectroscope was carried out to describe the structure characteristics of these samples. Moreover, two mathematical 
models including the random nucleation and nuclei growth model (RNGM)[14-16], volume model (VM)[17-19] were 
employed to calculate kinetic parameters GC, LC, PS. Finally, a TRNGM model was adopted to obtain the kinetic 
parameters of PVC whose combustion process has three stages. With the resultant data, the combustion process of plastic 
and biomass can be understood more deeply and also a basis can be provided for further applying plastic and biomass 
on thermo power station or blast furnace with high efficiency. AC
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2. Experimental 
2.1 Materials 
In this study, polyvinyl chloride (PVC) was obtained from Dongguan city, Guangdong province, China. Anthracite 
(LC) and gas coal(GC) were supplied by a Chinese steel plant, palm shell (PS) was the waste in the palm oil refining 
process. The calorific value of palm shell was higher than other biomass materials and its unique chemical properties could 
reduce greenhouse gas emissions. The palm shell was put into a fixed bed reactor under a flowing N2 atmosphere(4L/min) 
at 1000℃for 40 min to produce biomass char. Therefore, two coal material, one waste plastic material and one biomass 
material were adopted in this paper. Before the experiment, the samples were firstly dried in the drying oven for 4 h at 
105℃, and then the particle size of samples were crushed with a jaw crusher and sieved to <0.074 mm. The proximate 
analyzes and ultimate analyzes results of all materials were listed in Table 1, and the ash chemical composition were given 
in Table 2. 
Table 1  Proximate and ultimate analysis of samples 
sample 
Proximate analysis(%by, wt) Ultimate analysis(%by, wt) 
FCda Ad Vd Cd Hd Oda Nd Sd 
GC 60.3 10.4 29.4 78.9 4.9 4.8 0.7 0.3 
LC 76.82 9.13 14.05 77.42 3.65 1.24 0.9 1.01 
PS(char) 72.76 20.05 7.19 75.80 1.12 22.15 0.83 0.10 
PVC 4.10 0.01 95.89 55.98 6.14 - 0.54 0.17 
 Note: FCda-fixed carbon; V-volatile matter; A-ash. 
 
Table 2  Ash composition of coal and biomass samples (wt.%). 
Sample SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO P2O5 SO3 H 
GC 34.48 16.29 9.66 17.98 - 0.39 1.16 - 18.66 0.06 
LC 37.75 25.69 7.50 15.14 - 0.62 0.59 - 10.77 0.03 
PS 1.96 0.66 0.90 25.86 0.60 22.21 38.44 4.48 4.17 6.74 
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2.2 Thermogravimetric experiment 
The combustion experiments were carried out in a thermogravimetric analyzer (HCT-3, Henven Scientific Instrument 
Factory, Beijing) to investigate thermal events of PVC, LC, GC and PS during combustion. Approximately 5 mg of sample 
was used under 100mL/min air flow at three heating rate 2.5℃/min, 5℃/min, 10℃/min from room temperature to 900℃, 
respectively. The small amount of sample and heating rate ensured to avoid heat transfer limitations. 
In order to detailed described the combustion process of samples, the combustion conversion(X) was calculated by 
the following equations: 
0 t
o f
W W
X
W W



 
Where W0(mg) is the original mass of the sample, Wt(mg) denotes the mass at time t; Wf is the final mass at the end 
of combustion.  
2.3 Raman Spectroscopy. 
Raman spectroscopy experiments were performed at room temperature using a Jobin Yvon Labram HR800 
spectrometer. A 50× objective was used to focus the incident beam (532 nm lines of the Nd-YAG laser) on the sample and 
collect the Raman signal in the backscattered direction. To avoid thermal damage to the sample surface, the laser power of 
the incident beam is controlled at approximately 2 mw[20]. The diameter of the lase spot on the sample surface was about 
3~4μm, which is larger than the average particle diameter of the carbon crystallite. The Raman spectrum was collected in 
the range of 800-2000 cm-1, and each measurement was taken three times to make the spectra were extracted from several 
particles of each sample. The acquisition time of each spectroscopy was at least 60s for fully focused laser beam. Curve 
fitting software (Peak Fitting Module) was carried out to fit the Raman spectra.  
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3.Results and discussion 
3.1 Thermogravimetric analysis 
 
Fig. 1. Combustion curves of four samples at three different heating rates: (a)GC, (b)LC, (c)PS, (d)PVC. 
Combustion curves of GC, LC, PS and PVC at different heating rates are shown in Fig 1. The four samples are 
analyzed under dry basis with small weight loss of water in the initial period, thus all TG-DTG profiles showed in Fig 1 
are selected form above 100℃. The TG curves of GC, LC and PS have one common behavior, and the DTG curves of 
these samples show one single peak rate. It is generally accepted that the combustion process GC, LC and PS includes 
three main stages: in the first stage, the weight remains basically unchanged, no moisture drying due to dry samples. Since 
the combustion reaction is particularly violent and the volatile content of GC, LC and PS is small, the second stage mainly 
includes mixed combustion of volatile and fixed carbon and weight loss happens quickly. The samples fully burn in the 
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third stage and the residue is ash. Although the DTG curves of GC, LC and PS have one single peak rate, these DTG curves 
have an obvious difference in the shape due to their structural differences. The peak of PS is sharp and high, while the peak 
of LC is wide. Moreover, the peak of GC appears sharp in the upper part, and it also perform wide shape in the bottom part. 
At the intermediate stage, volatile and fixed carbon constitutes the main structure of GC, LC and PS started to burn within 
the temperature range of 342-377℃, 456-511℃, 341-376℃, respectively. Relatively speaking, the combustion process of 
PVC is complex. Taking the reaction rate curve of PVC under 5℃/min heating rate for example, there are three peaks in 
reaction rate curve of PVC. So the combustion process of PVC can be divided into three steps occurring at 254℃-376℃, 
376℃ -476℃  and 476 ℃ -537℃ , with the weight loss of 67.1%, 8.1% and 24.8%, which corresponded to 
dehydrochlorination process, the precipitation and combustion process of volatile and burning process of residual char.  
In order to clearly reflect the combustion process of GC, LC, PS and PVC, TG-DTG method is adopted to prove up 
combustion parameters of these samples. Start weight loss temperature Ti, burn out temperature Tf, mean reaction rate Rmean, 
Maximum reaction rate Rmax, comprehensive combustion index S(
max
2
= mean
i f
R R
S
T T
)[21,22] under different heating rate are 
shown in Table 3. Mean reaction rate Rmean= dX/dtmean. In this paper, the average mass loss rate is obtained from the DTG 
curves(The area made into DTG curves and X axis can be divided into upper and lower parts. When the area of the upper 
and lower parts is equal, the value of the ordinate represents the average mass loss rate). It can be summarized that, 
compared with other samples, Ti of PVC is lowest and Ti of LC is highest. The Ti value of LC and PS are similar between 
PVC and LC. The values of Tf of four samples obey the order of: PS < GC< PVC< LC. However, it is difficult to represent 
the combustion process only through Ti and Tf. In this paper, comprehensive characteristic index S is adopted to represent 
combustion reactivities of different samples. The S depicted in Table 3 from high to low can be ranked as PVC, PS, GC 
and LC. Therefore, the combustion reactivities of four samples have the same order: PVC>PS>GC>LC.  
Compared with the combustion curves of all samples at different heating rate, it is found that the TG curve shifts to 
high temperature area, this can be explained as: At the high heating rates, the internal temperature of the samples is low 
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and more time is needed to transmit heat to the center of the sample. The high temperature difference delays the diffusion 
rate, resulting in a significant tailing of the TG curve. Therefore, the thermal hysteresis effect can be found in the TG curve 
at different heating rates. From the table 3, it can be seen that combustion parameters of these samples all increased with 
the heating rate, while the time needed for combustion is shortened. Taking GC for example, as heating rate increased from 
2.5℃/min to 10℃/min , the value of S increased from 7.34E-12 to 7.68E-11, and the tg( f i
g
T T
t


  )is decreased from 
60.7min to 16.8min . It is can be inferred that that combustion reactivities of samples are also improved with increasing 
heating rate. 
Table 3  Combustion characteristic parameters of samples at different heating rates. 
samples 
Heating rateβ 
(℃/min) 
Ti(℃) Tf(℃) Rmax(min) Rmean(min) 1110S   tg(min) 
GC 
2.5 342.5 494.2 0.04 0.01 0.73 60.7 
5 361.4 519.5 0.07 0.02 2.43 31.6 
10 377.9 546.1 0.13 0.05 7.68 16.8 
LC 
2.5 456.6 561.6 0.04 0.01 0.52 42.0 
5 485.8 591.0 0.08 0.03 1.69 21.0 
10 511.8 624.5 0.14 0.05 4.66 11.3 
PS 
2.5 341.3 442.6 0.04 0.01 1.21 40.5 
5 363.3 453.9 0.07 0.03 3.33 18.1 
10 376.4 473.6 0.18 0.07 18.90 9.7 
PVC 
2.5 244.7 512.4 0.06 0.03 6.42 107.1 
5 255.9 534.8 0.12 0.05 18.30 55.8 
10 269.1 559.5 0.18 0.08 34.80 29.0 
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3.2 Raman analysis 
 
 
Fig. 2  Raman spectra and the bands of different samples 
The Raman spectra in the range of 800-2000cm-1 of selected samples at room temperature is presented in Fig 2. 
Compared with the spectra of PVC, the spectra of GC, LC, PS are complex, so the deconvolution methods development 
by Sadezky et al[23] is adopted to correlates with the spectra of GC, LC, PS. Each spectrum is resolved into 4 Lorentzian 
bands (G, D1, D2, D4) districted about 1570-1590 cm-1, 1340-1358 cm-1,1600-1620 cm-1,1200-1230 cm-1, respectively, with 
a D3 band that is designated for Gaussian band at 1500-1550 cm-1. The parameters including intensity(I), peak position, 
integrated area(A) and full width at half maximum(FWHM) of each band are calculated by the decomposition of the Raman 
spectra[24-26]. During the cure fitting process, D3 band is also tried to fit with Lorentzian bands, but show a lower R2 value 
than fitting with Lorentzian band, which is also reported in the conclusion of Jawhari et al[27]. While PVC is mainly 
composed of long fatty acid chains and the major vibration peaks in Raman spectra of PVC are at around 1426 cm-1, 1318 
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cm-1, 1178 cm-1,1094 cm-1, caused by the bending vibration of carbon atoms and hydrogen atoms, the asymmetric rocking 
vibration of carbon atoms and hydrogen atoms, the rocking vibration of carbon atoms and chlorine atoms, the expansion 
and contraction of carbon atoms, respectively[3]. Therefore, PVC has no graphitized structure and can’t be analyzed by 
deconvolution method.  
The microstructure parameters of carbonaceous materials in GC, PS and LC gained from the first-order Raman spectra 
are shown in Table 4. According to Sadezky et al[23], the decreasing FWHM of G and D band represents the increasing 
degree of graphitization of the carbonaceous materials in the select samples. And D1 usually denotes the defect structure, 
which is closely connected with plane vibration of carbon edge atoms, sp2 carbon atoms and impurity atoms with structure 
defects. The D2 band of samples Raman spectra is shoulder peak of G, reflecting to E2g fundamental vibration for graphite 
surface. The D3 band in the region between G and D1 associates with amorphous sp2-bonded forms of carbon, such as 
debris, functional groups and poor structure of materials. Therefore, the larger value of ID3/IG can reflect more fragments 
or functional group and more structure of sp2 hybridization key carbon atoms with organic molecules in samples. 
Meanwhile, D4 is caused by lattice sp2-sp3-bonded forms of carbon, C-C and C=C olefin structure stretching vibration, the 
smaller value of ID4/IG are assigned to less of sp3 or sp2-sp3 sites (often appeared at the periphery of crystallites) that 
associated with the concentration of active carbon sites. From the data in table 4, it can be seen that the D1-FWHM of GC 
is larger than LC and PS, indicating that the carbon crystalline structure in GC is more disordered. But Jawhari T[27] 
demonstrated that there is no necessary correlation between G and D band FWHM and degree of graphitization of the 
samples, and it is hard to determine the degree of graphitization through the value of G and D band FWHM due to multiple 
strongly overlapping bands or experimental error. Sheng et al[28,29] reported that the ordering degree of the samples can 
be reflected by the values of ID3+D4/IG. It is generally accepted that higher value of ID3+D4/IG can represent the lower ordering 
degree of the carbonaceous material. By comparison the values of ID3+D4/IG in Table 4, the value of ID3/IG, ID4/IG, I D3+D4/IG 
in table are ranked as GC > PS>LC, suggesting that there is most content amorphous carbon in GC and minimal in LC and 
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the ordering degree of LC is higher than that of PS, followed by GC.  
Table 4  Microstructure parameters of carbonaceous materials in GC, PS and LC 
Parameters GC PS LC 
D1-FWHM(cm) 168.28 143.06 145.07 
G-FWHM(cm) 56.06 48.61 59.66 
ID3/IG 1.12 0.61 0.56 
ID4/IG 0.71 0.49 0.26 
I D3+D4/IG 1.83 1.10 0.82 
3.3 Correlation between combustion reactivity and characteristics of carbon microstructures 
 
Fig 3  (a)Conversion of carbon in samples at heating rate 5℃/min, (b) Correlation between S and ID3+ID4/IG 
values of three samples 
TGA results of four samples under 5℃/min heating rate are shown in Fig 3(a), From the comparison of TGA curves, 
it can be seen that the TG curve of PS is on the left side of the TG curve of GC, suggesting that the temperature range of 
the combustion process of PS is lower, while the combustion process of LC occurs at high temperature range. It can be 
inferred that these carbonaceous materials have different thermal behavior trends due to their structural differences. As 
shown in Table 3, Ti of PVC is lowest due to the lower bond energy of C-Cl. Then the double bonds are formed in the main 
chain and it will be cracked and produced aromatic compounds such as benzene, toluene through cyclization, which 
contribute to the larger Tf of PVC[2]; The content of cellulose, hemicellulose and lignin which easily decompose and ignite 
in PS is high, these substance can burn first and release heat to preheate char and promote the evaporation of volatile 
content, which is beneficial for ignition of biomass. The lowest value of Tf for PS can be explained as: During combustion 
AC
CE
PT
ED
 M
AN
US
CR
IPT
of carbonaceous materials, K2O has obvious catalytic effect on combustion process, followed by Na2O. In addition, CaO 
and MgO can’t play an important role in catalysis effect. However, SiO2 and Al2O3 have strong inhibition effect on the 
combustion. The alkali index (H) [30,31] is adopted to explore the effect of minerals in ash on combustion and calculated 
by the following equation: 
                   
2 3 2
2 2 3
Fe O +CaO+MgO+NaO+K O
H=Ash
SiO +Al O
                          (1) 
As shown in Table 2, the alkali index (A) of biomass is 6.74 larger than the value of coal, so the high content alkali 
matter in biomass ash has catalytic effect on combustion process of biomass char and make the Tf of PS is lowest. It is 
generally accepted that the basic structural characteristic of carbon in coal are quite similar, while differences existed 
mainly in peripheral matters like volatiles, aliphatic chains between structural units, distribution of minerals, etc. From the 
Table1, the volatiles matter in GC is 29.4% and in LC is 14.05%, suggesting that there is more amorphous carbon in GC 
than that in LC, so Ti and Tf of LC is larger than that of GC.  
Based on the results of combustion characteristic parameters in Table 3 and the microstructure parameters in Table 4, 
it can be inferred that there is a strong relationship between combustion reactivity and characteristics of carbon 
microstructures described in Fig 3(b). and it is found that S values of GC and LC increase with the increase of (ID3+ID4/IG). 
Take an example of the GC and LC, the good combustibility of GC is mainly due to the random carbon crystalline layers 
broad interlayer space promoted that oxygen atoms get absorbed in the micro pores and combined with active carbon atoms 
in all directions. The relatively high (ID3+ID4/IG) value of GC indicates that it has many active sites and a low ordering 
degree, so the S values of GC is larger than LC at three heating rates. The combustion property of PS char prepared in this 
study performs better than two coals, which can be attributed to significant amounts of much alkali matter in biomass ash 
which play a catalytic role in the combustion process and make it have a small value of Tf, so PS has larger S value and 
better combustibility than GC and LC. From the Fig3(a), it can be seen that the combustion process of PVC is complex, 
PVC is made up of C-Cl and C-H long chains long chains, the changes of bonds in the combustion process make it difficult 
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to compare combustibility from the structure. It is possible to further analyze the difference of combustibility by dynamic 
analysis.  
3.4 Kinetic analysis 
3.4.1 Kinetic model  
From above analysis, the structure features of carbonaceous materials in bituminous coal, anthracite, biomass and 
plastic are closely related to combustibility. For coal, the basic structural characteristics of carbon are mainly in the volatile 
matter, the aliphatic chain between the structural units, the mineral distribution and other peripheral substances, similar to 
the structure of LC. Cellulose, hemicelluloses, woodiness, starch, protein is the main component of biomass and PVC 
consists of C-Cl and C-H long chains. Different chemical compositions have different combustion processes, so it is 
necessary to conduct in-depth research on combustion dynamics. The purpose of the kinetic analysis is to find a suitable 
kinetic equation to represent the complex combustion process of different carbonaceous material.  
For the gas-solid non-catalytic heterogeneous reaction, it is generally believed that the gas phase pressure remains 
constant during the reaction, the sample reaction is mainly affected by the temperature, combined with the Arrhenius 
formula, the reaction kinetic equation can be expressed as(2): 
                                   
-d = e (X)
d
E / RTX A f
t
                                          (2) 
Where A denotes the pre-exponent factor, E is activation energy, f(X) is kinetic model function. 
The random nucleation and nuclei growth model (RNGM) and volume model (VM) were applied to simulate the 
change in carbon conversion rate during the combustion and further kinetic parameters were obtained. Different mechanism 
has different functions and the RNGM corresponding response rate can be expressed as: 
                            RNGM
-E / RTdX = A e (1- X) -(1- X)
dt
                                  (3) 
The rate expressions of the VM model can be expressed by the following expression: 
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- / (1- )E RTVM
dX
A e X
dt
                                           (4) 
In the non-isothermal condition, the temperature T is related to the heating rate β and time t, and can be described as 
follows: 
0T T t                                            (5) 
Integrating up to conversion, X, Eq(3) gives: 
 =
0
X T
-E / RT
0 T
dX A
e dT
(1- X) -ln(1- X) 
                            (6) 
Integrating and rearranging Eq(6). 
                          
2
=1- - exp( )
2
At E
X exp -
RT
  
  
   
                                (7) 
The final expression is then given as follows by introducing: 
RNGM: 
                             
2
=1-exp - - exp(- )
2
0A(T -T ) EX
RT
  
  
   
                            (8) 
                  VM: 
                                 =1-exp - exp(- )0
A(T -T ) E
X
RT
 
 
 
                             (9) 
Using the relationship between X and T in equations (8) and (9) to calculated the kinetic parameters A and E of the 
GC, LC, PS by the nonlinear fitting method. 
The combustion process of PVC have three stages expressed by follow Eq(10), Eq(11) and Eq(12). Combing the 
thermogravimetric analysis, it can be seen that Eq(10) shows the dehydrochlorination process, the combustion of the 
volatile matter and carbon residue matter are described by Eq (11) and Eq (12). Besides, it is assumed that the chemical 
reaction is the main limiting link of the three parallel reactions. 
(soild) (air)HCl HCl                                                                        (10)  
2 2 2Volatile O H O CO                                                              (11) 
AC
CE
PT
ED
 M
AN
US
CR
IPT
2 2Char O CO Ash                                                                    (12) 
There are three stages in the combustion process of PVC, and each stage can be expressed by the Eq(8). Because the 
kinetic parameters are different, each stage can be expressed by the following formula: 
                      
2
1 0 1
A (T-T ) E
=1-exp - - exp(- )
2β RT
X
  
  
   
                           (13) 
                      
2
2 0 2
A (T-T ) E
=1-exp - - exp(- )
2β RT
X
  
  
   
                           (14) 
                       
2
3 0 3A ( T - T ) E= 1 - e x p - - e x p ( - )
2β RT
X
  
  
   
                          (15) 
The overall reaction extent can be expressed a linear addition function of the X1 ,X2, X3: 
                                 1 2 3ε ε ε1 2 3X X X X                                   (16) 
Where 1 2 3, ,    are initial values of X1, X2 and X3, respectively, and they indicate the initial weight fractions PVC, 
the relationship between 1  2 , and 3  is expressed as: 
                                    1 2 3ε +ε +ε =1                                          (17) 
The TRNGM model combines the combustion process of three stages, which is expressed by Eq (18):  
                          
2
1 0 1
1
2
2 0 2
2
2
3 0 3
3
A (T-T ) E
= 1-exp - - exp(- )
2β RT
A (T-T ) E
1-exp - - exp(- )
2β RT
A (T-T ) E
1-exp - - exp(- )
2β RT
X 


    
   
     
    
    
     
    
    
     
                      (18) 
Kinetic parameters are obtained by fitting Eq (18) and the whole process is implemented by C++ program. In order 
to quantify the accuracy of the model, Eq(19)[1] is adopted to compare the deviation between experimental and fitted 
values.  
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i=1
( )(%)=100 ( ) /
N
E i DV X X X N    
Where V(X) represents the relative error, XE,i is experimental value and XD,i is fitted value calculated by different 
models, N is the number that indicates the amount of weight loss data. 
 
3.4.2 Kinetic parameters 
 
Fig4. Experimental curves and fitting curves of samples at different heating rates: (a)GC, (b)LC, (C)PS 
From the Fig 1, it can be seen that the combustion process of GC, LC and PS have only one stage, and it is calculated 
by two well-known theoretical kinetic models expressed by Eq.(8) and Eq.(9). RNGM and VM model are used to fit TG 
curves of GC, LC and PS, results of which are shown in Fig. 4. The corresponding kinetic parameters of these samples are 
shown in Table 5, the activation energy of GC calculated by RNGM and VM model is ranged from 115.6 to 94.2 kJ/mol, 
145.9 to 122.2 kJ/mol for PS, and 147.2 to 135.6 kJ/mol for LC. Activation energies reported in other study is different 
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with the activation energies obtained in this paper due to the different annealing conditions and intrinsic properties of 
carbonaceous materials. 
Table 5  The calculated kinetic parameters of different samples. 
Samples 
RNGM VM 
E, kJ/mol A, min R2 E, kJ/mol A, min R2 
GC 115.6 1.92E+04 0.9987 94.42 1.88E+03 0.9983 
LC 147.2 2.30E+04 0.9996 135.6 9.54E+03 0.9985 
PS 145.9 1.18E+07 0.9995 122.2 8.20e+05 0.9992 
 
It’s well known the lower the activation energy is, the higher the flammability will be. From the table 5, the activation 
energy of GC is smaller than value of PS and LC, but the comprehensive combustion index S of GC is smaller than that of 
PS and similar to the value of LC, which is not consistent with the law of activation energy. In fact, the combustibility is 
not only affected by activation energy, but also influenced by pre-exponential factor. The pre-exponential factor reflects 
the number of collisions between activated molecules called an effective collision. The more effective collision, the better 
combustibility in the same activation energy conditions. For example, the activation energy of PS calculated by RNGM 
model is 145.9 kJ/mol that is higher than that of GC whose activation energy is 115.6 kJ/mol, while the flammability of PS 
is also higher than that of GC described in section3.1 due to its larger pre-exponential factor. This phenomenon is called 
compensation effect and many studies[32-35] also reported similar found in the combustion of coal, plastics, biomass, and 
other carbonaceous materials.  
  
Fig5. Experimental curves and calculated curves of PVC at different heating rates: (a)RNGM, (b)TRNGM 
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 The combustion process of PVC is divided into three stages, which have been described in detail in Section 3.1. To 
better match the combustion process of PVC, the combustion process is fitted using the RNGM model and TRNGM model. 
The fitting results are shown in Fig 5, and the kinetic parameters are shown in Table 6. It can be obviously seen that there 
are significant deviations between the experimental curves and calculated curves of PVC using RNGM model, and 
TRNGM model plays a good performance in depicting the combustion process of PVC. This is can be explained as: it is 
hard to use a group of kinetic parameters to describe the entire combustion process of PVC with three stages, and there are 
large changes in the kinetic parameters at each stage.  
Table 6  Combustion kinetic parameter of PVC 
Sample Combustion stage   E, kJ/mol A, min 
PVC 
I 0.64 115.6 1.8E+09 
II 0.11 34.2 1.4E+01 
III 0.25 123.9 3.87E+03 
 
In the combustion, HCl is firstly precipitated due to lower bond energy of C-Cl [2]. However, the activation energy 
of first stage is larger and there is also compensation effect in this stage. And the activation energy of the first stage is 
similar to that of the third stage, the third stage mainly the combustion of residual carbon, residual carbon not easy to burn 
which make the activation energy is large and the pre-exponential factor is small. while activation energy of the second 
stage is significantly lower than other stages, which reflects this stage as the release phase of volatiles is mainly diffusion 
controlled. 
Table 7  The relative error between experimental and calculated data 
Samples V(X)(%) 
 RNGM VM 
GC 3.35 3.84 
LC 1.21 3.74 
PS 1.26 1.43 
Combustion stage I II III 
PVC 5.82 2.46 1.37 
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The deviation between experimental and calculated data is shown in Table 7, it can be found that the RNGM model 
has a better performance than VM model to simulated combustion process of GC, LC and PS, which is due to the fact that 
the RNGM model assumes that the particles contain a large number of uniform spherical pores, reactions occur on the 
internal rather than overlapping surface. At the same time, the solid-phase surface of the gas-solid reaction changes as the 
reaction progresses. while the VM model assumes that the size of particles remains constant and density change evenly as 
the reaction go on the whole surface of particles[22]. The RNGM model is closer to the actual combustion process of 
carbonaceous material. It can be seen that the relative error between experimental and calculated data of PVC is small, 
indicating TRNGM model plays a good performance in depicting the combustion process of PVC.  
4. Conclusion  
Biomass(PS) has high cellulose, hemicellulose and lignin which have a sample structure and easily decompose, and 
much alkali matter in biomass ash also promotes the combustion process. Therefore, PS has a larger S value and better 
combustibility than GC and LC. The volatile content of GC is higher than that of LC and the larger (ID3+ID4/IG) value of 
GC reflected graphite order of GC is lower, so the combustibility of GC is better than that of LC. The activation energies 
of GC, PS and LC calculated by RNGM model were 115.6 kJ/mol, 145.9 kJ/mol, 147.2 kJ/mol, respectively. The 
combustion process of PVC has three stage, the activation energy of the first weight loss stage is similar to the activation 
energy of the third stage, while the second stage is significantly lower than other stages, which reflects this stage as the 
release phase of volatiles is mainly diffusion controlled. 
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